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ABSTRACT 

The maltodextrin (maltose through maltoheptaose) acceptor reactions of two Sweprococcus muruns 

6715 glucosyltransferases (GTF-I and GTF-S) were studied. The acceptor product structures were deter- 
mined by comparing them with the known structures of the acceptor products of Leuconosroc mesenreroides 

B-SIZFM dextransucrase (EC 2.4.1.5) and L. mesenleroides B-1355 altemansucrase (EC 2.4.1.140). When 
reacted with maltose (GZ). both GTF-I and GTF-S transferred a o-glucopyranose from sucrose to the 
nonreducing glucosyl residue to give panose (6’~z-@ucopyranosyl maltose). Panose then served as an 
acceptor to give two further acceptor products. 6’-x-isomaltosyl maltose and 6’-r-nigerosyl maltose. 
6’+Isomaltosyl maltose then went on to serve as an acceptor to give a series of homologous acceptor 
products with isomaltodextrin chains attached to C-6 of the nonreducing-end residue of maltose. while 
6’-x-nigerosyl maltose did not further react. When reacted with other maltodextrins (G3-G7). both GTF-I 
and GTF-S transferred a D-glucopyranose to C-6 of either the nonreducing-end or the reducing-end residues 
of the maltodextrins, forming z( I -6) linkages. When o-glucopyranose was transferred to the nonreducing- 
end residue by GTF-I or GTF-S. the first product was also an acceptor to give the second product, which 
then served as an acceptor to give the third product, etc., to give a homologous series of products. When 
p-glucopyranose was transferred to the reducing-end residue. the acceptor product that formed did not 
readily serve as an acceptor. or served only as a very poor acceptor. to give a small amount of the nest 
homologue, as was the case for G7 with GTF-S. In addition. GTF-1 also transferred D-glucopyranose to the 
reducing-end or to the nonreducing-end residue of maltotriose. forming x(1 -3) linkages. to give 3’-1-D- 

glucopyranosyl maltotriose and 3’-z-o-glucopyranosyl maltotriose. Neither of these acceptor products 
further served as acceptors to give a homologous series. Under equivalent conditions of equimolar amounts 
of acceptor and sucrose, maltose and maltotriose are much better acceptors with GTF-I than they are with 
GTF-S, which is better than L. mesenreroides B-512FM dextransucrase. The three enzymes display 
significantly different efficiencies for the different maltodextrin acceptor reactions, GTF-I and GTF-S 
having much higher efficiencies than L. mesenteroides B-512FM dextransucrase. 

INTRODUCTION 

Srreptococcus mufan~ 6715 produces two D-glucans from sucrose, a water-soluble 
dextran containing 73% $1-6) linkages and 27% r(l+3) branch linkages’ and a 
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water-insoluble glucan (a *‘mutan”) containing 93% r( 1-3) linkages and 7% r( l-+6) 

linkages’. The enzymes that synthesize the soluble and insoluble glucans are usually 
referred to as GTF-S and GTF-I, respectively’.‘. S. mutans has been shown to be the 
primary organism responsible for dental carie?‘. Its ability to form plaque on teeth 
surfaces is attributed to the production of these exocellular polysaccharides, which 
mediate cell-cell and cell-teeth adherences.h. 

A mechanism for the synthesis of the glucans by S. mufans 6715 glucosyltrans- 
ferases has been proposed’ in which there are two catalytic groups on each enzyme that 
covalently links D-glucosyl and glucanosyl units. During the synthesis. the glucosyl and 
the glucanosyl units alternate between the two sites, giving elongation of the glucan by 
the addition of the D-glucosyl unit to the reducing end. When other carbohydrates, in 
addition to sucrose, are present in the digest, S. mutans 671.5 glucosyltransferases also 
carry out acceptor reactions, in which D-glucopyranosyl units are transferred from the 
enzyme to the carbohydrates (acceptors) to form acceptor productsJ.7-“. 

When maltose serves as an acceptor, the acceptor products with both GTF-I and 
GTF-S were panose and a series of homologues of panose in which isomaltodextrin 
chains of varying lengths were linked to the nonreducing-end D-glUCoSyl residue of 
maltose by an ~(1-6) linkage’.Y. The structures of the acceptor products formed from 
other maltodextrins, such as maltotriose (G3) to maltoheptaose (G7). however, have 
not been determined. These acceptor products are important in that maltodextrins 
occur in the mouth from the action of salivary r-amylase on food starch. The resulting 
acceptor products of subsequent interactions of the maltodextrins with the gluco- 
syltransferases from S. ~Jutan~ could be contributing factors in the formation of dental 
plaque. Knowledge of their structures might be useful in the design of inhibitors or 
agents that could reduce, modify, or prevent dental plaque formation. We have, 
therefore, studied the acceptor reactions of S. mutans 6715 glucosyltransferases with 
maltodextrins (GZ-G7). 

EXPERIMENTAL 

Carbohydrates nnd Reagents. - Maltodextrins, G3-G7, were a gift from Nihon 
Shokuhin Kako Co. (Japan). [U-“C]Sucrose was purchased from Si_ma Chemical 
Company (St. Louis, MO). All other chemicals were of reagent grade and commercially 
available. 

Enzymes. - S. mzrtans 6715 glucosyltransferases (GTF-I and GTF-S) were 
prepared as previously described’. L. mesenreroides B-5 12FM dextransucrase (hereinaf- 
ter designated as B-512FM) was purified from the culture supernatant through the stage 
of DEAE-cellulose column chromatography as previously reported’. Activities of the 
enzymes were determined by a radiochemical assay using [U-“C]sucrose3. Assays of the 
GTF-I and GTF-S were conducted at pH 6.5 and 37”, and those of B-5lZFM were 
conducted at pH 5.2 and 2.5”. Enzyme activity is given in international units (II-J), i.e., 
pmoles of D-glucose incorporated into glucan per minute. 

Acceptor reaction digests. -The GTF-I and GTF-S acceptor reaction digests (10 
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PL) contained 4Orn)t [U-“Clsucrose (. I ,&i). JOmw acceptor maltodextrin, ZOmM imida- 
zole hydrogen chloride buffer (pH 6.5j, Zrnv calcium chloride. O.O2O/b sodium azide, and 
50 mICi of GTF-I or GTF-S. B-SI_‘FM acceptor reaction digests contained 4OmM 
[U-‘4C]sucrose ( 1 ,uCi). JOrn.\i acceptor maltodextrin. 20mxr pyridine acetate buffer (pH 
5.2). 3m.Lr calcium chloride. 0.02% sodium azids. and 20 mlU ofdextransucrase. The 
reactions were conducted for II h at 25’. at which point t.1.c. indicated that all of the 
sucrose had been consumed. 

Separarion of’accrptor products. - Aliquots (5 PL) of the reaction digests were 
spotted onto a Whatman K5F t.1.c. plate (20 x 20 cm) for multiple ascending chroma- 
tography at 22’ with four ascents of (a) ethylacetate-ethanol-water (22: I. v/v/v). or 

three ascents of(b) nitromethane-I-propanol-water (X:3. v \- v). These two solvent 
systems were complimentary to each other in their separating properties: solvent (a) 
resolves the primary acceptor products (la, I b. etc.) of each maltodextrin acceptor 
reaction. and solvent (bj resolves the other homologous products (2b, 3b, etc.) foreach 
of the maltodextrin acceptor reactions. Labeled products were located by autoradiog- 

G3S G4s GSS G6s G7S 

Fig. I. Autoradiogram of a t.1.c. of the acceptor reactions of maltodextrins (GZ-G7) with GTF-I (reactions 
GZl-G71) and GTF-S (reactions G2S-G7S) where G21 is the maltose acceptor reaction with GTF-I, G3S is 
themaltotrioseacceptorreactionwithGTF-S.etc. Five,uL ofeachacceptor reactiondigestwasspottedonto 
a Whatman KSF t.1.c. plate, which was developed with three ascents of nitromethane-I-propanol-water 
(X3, v, v.v). Fru i Gic are o-fructose and o-glucose. and Leu is leucrose. 



raphy. The quantitatitie analysis of the acceptor reactions were carried ous by detzmin- 
ing the radioactivities of the products on t.1.c. plates by using a Vanguard 3001 t.1.c. 
autoscanner. 

RESULTS 

All of the maltodelvtrins (GZ-G7) in the presence of sucrose were w&sopyrano- 
syl acceptors for S. ITZU~N~.~ 6715 glucosyltransferases, GTE-I and GTF-S (see Fig I). 

The acceptor reaction patterns shown in Fig. 1 were very similar to those of B-5 I ‘FM. 
which gave panose as the first acceptor product from makose. Panose wxs then an 

Fig. 2. Autoradiogram of a t.1.c. ofthe acceptor reactions of B-jlZFX1 dextrdnsucrase. GTF-I and GTF-S 
with G7-44, where GIF is the maltose acceptor reaction with B-jl?FM dextransucr~se. C3I is the 
maltotriose acceptor reaction wirhGTF-I. G4S is the maltotetraose acceptor reaction, with GTF-S. etc. Five 
FL ofcach acceptor reaction digest was spotted onto a Whatman K5F t.1.c. piate. uhich was developed \sith 
four ascents of ethyl acetate-sthanol-water (E I. v v v). Fru. Glc. and Leu are D-fructose. D-ghCDSe. and 
Ieucrore. respectlvr;y. 
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acceptor to give 6’-isomaltosyi maltose+ that was an acceptor to give 6:-isomaltotriosyl 
maltose. etc., to give a homologous series of products with z-isomaltosyi-dextrin chains 
of varying lengths attached to C-6 of the nonreducing-end residue of maltose”. GTF-I 
and GTF-S each gave an essentially identical pattern with maltose (see reaction G7F, 
G2I. and G2S in Fig. 2). 4n exception was the formation of small amounts of a product 
labeled 2* and somewhat larger amounts of the acceptor products labeled 2.3: and 4 in 
Fig. 2. 

The minor product. labeled 2* in Fig. 2, has not previously been observed as an 
acceptor product for GTF-I and GTF-S. It, however, has been shown that the acceptor 
reaction of L. rnesenteroides B-1355 alternansucrase with maltose gave panose as the 
first acceptor product”‘; panose then served as an acceptor to give two products, 
4’-r-isomaltosyl maltose and 6’-z-nigerosyl maltose lo When t.1.c. of the maltose accep- . 

tor products of GTF-I and GTF-S were compared with the acceptor products of 
alternansucrase (see Fig. 3), it was observed that 2* migrated with 6’-r-nigerosyl 

Fig. 3. Autoradiogram of a t.1.c. of the acceptor reactions of G2 with GTF-I. GTF-S. B-1355 alternan- 
sucraseand B-SlZFM dextransucrase. FivepLofeachacceptorreactiondigest wasspottedontoa Whatman 

K5F t.1.c. plate and was developed with four ascents ofethyl acetate-ethanol-water (72: 1, v .v v). Fru, Glc, 
and Leu are D-frUCtOSe. D-gkcose, and leucrose, respectively. 

’ Oligosaccharide nomenclature is that according to Whelan!‘. For example. 6’-z-D-glucopvranosyl maltose 
is a trisaccharide with z-D-giucopyranosyi residue attached to C-6 of the second D-ghtCOjs residue of 
maltose. The large numeral is the carbon atom of attachment and the superscript numeral is the residue of 
attachment. with the reducing-end residue being no. 1. 
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maltose. The panose acceptor reaction of B-5 12Fbl does not give this product”. and it 
appears to be formed by those glucansucrases that sl;nthesize glucans with relativeI> 
high amounts of ~(1-3) linkages. such as GTF-I. GTF-S. and alternansucrase. 

B-511FM gave two tetrasaccharidt products with GZ. Pla, and Plb. which had 
~-glucose attached to C-6 of the reducing-snd residue and to the nonrcducing-end 
residue”, respectively (see reaction G3F in Fig. 2). One of these, Plb. went on to give 
appreciable amounts of a series of homologous products, PZb-PLtb, while the other one. 
P la. only gave a small amount of homologous products, PZa and P3a (see reaction G3F 
in Fig. 2). The major products from the reaction of GTF-S nith G3 were identical to the 
major products produced by B-517FhI (compare G3F with G3S in Fig. 2) There are, 
however, relative quantitative differences in the amounts of the products. with GTF-S 
giving lower amounts of Pla and Pl b and higher amounts of P4b, P5b. P6b. etc. than 
B-512FlM (see G3S in Figs. 1 and 2). B-511F?tf also produces small amounts of P2a, 
P3a, and P4a that GTF-S does not produce. 

Reaction ofGTF-I with G3, hovvever. gave four tetrasaccharide products, la-Id 
of G3I in Fig. 3. One of these, 1 b. was the sam e as 1 b and Pl b produced by GTF-S and 
B-512F;M. respectively, and gave rise to the same homologous series as GTF-S and 
B-512FlM (compare G31 with G3F and G3S in Fig. 2). Of the four tetrasaccharide 
products produced by the reaction of G3 u-ith GTF-I, lb was 61-r-D-glucopyranosyl 
maltotriose and la was 6’-x-D-g!ucopyranosy! maltotriose. the same tetrasaccharide 
products produced by reaction of G3 with GTF-I and B-512FM. The position of 
chromatographic migration of lc and Id. suggests that they have the D-glucose attached 
to G3 by an r( l-3) linkage. Oligosaccharides with r( l-3) linkages generally migrate 
faster on chromatography than saccharides ofcomparable d.p. with x(1-6) linkages in 
the same positions. Further. a ~-glucose residue attached to the reducing-end residue 
moves faster than one attached to the nonreducing-end residue (compare the migration 
and structures of Pla and Plb for any of tht maltodestrin acceptor reacting with 
B-512FM (Fig. 2 and ref. 11). In addition ‘because GTF-I also produces a glucan 
primarily with r( l-+3) linkages, it is most probahle that the linkage for the attachment 
Of D-g!UCOse to G3 in products Ic and Id wouid be an xi 1 - 3) linkage to the reducing- 
end residue for lc and to the nonreducing-end residue for Id. The proposed structures 
for lc and Id, therefore, would be 3!-x-D-glucopyranosyi maltotriose and 3j-r-~- 
glucopyranosyl maltotriose. respectively. The proposed structures of the four tetra- 
saccharide acceptor products of the reaction of GTF-I with G3 are summarized in Table 
I. 

Reaction of G-l gave identical acceptor reaction patterns for the three enzymes 
(compare reactions G4F. G41. and G4S in Fig. 2). The first products, Pla and PI b, have 
D-glucose attached to C-6 of the reducing-end residue and to the nonreducing-end 
residue, respectively. of the maltodextrin acceptors”. The P 1 b product was an acceptor 
to give a homologous series. The acceptor reactions with G5. G6, and G7 followed the 
same pattern, giving two primary products. Pla and Pl b. ofwhich Pl b went on to give a 
homologous series and Pla did not. The acceptor product patterns for GTF-I and 
GTF-S reacting with Gi-G7 (see Fig. 1) were the same as those produced by B-512FM” 
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(data not shown). The structures of the acceptor products of GTF-I and GTF-S with 
G5-G7 were thus deduced from the known structures formed by B-512FM” and are 
summarized in Table I. 

A quantitative difference in the amounts of the higher saccharide products does 
occur at equilibrium (360 conversion periods for B-5 12FM and 900 conversion periods 
for GTF-S and GTF-I) for the three enzymes. GTF-I and GTF-S give more of the 
higher saccharide products (P4b and higher) and much less Plb than does B-512FM 
(See Fig. 2). They also give greater amounts of leucrose by reaction with o-fructopyra- 
nose than does B-512FM (Table II and ref. 13). 

The distribution of the products at equilibrium and the relative efficiencies of the 
individual acceptor reactions are given in Table II. Table II shows that both maltose and 
maltotriose are much better acceptors with GTF-I than they are with GTF-S, which in 
turn is much better than B-5 12FM. Under equivalent conditions of equimolar amounts 
of acceptor and sucrose, maltose allows only 2.9% glucan to be synthesized by GTF-I, 
6.7% glucan by GTF-S, and 28.4% glucan by B-512FM. The three enzymes thus have 
significantly different efficiencies for the acceptor reactions with maltose and mal- 
totriose. Other quantitative observations are (i) that in the reaction with GTF-I, the 
efficiency of G7 (26.4%) is higher than the efficiency of G5 (23.8%) and G6 (24.1 Oh), and 
(ii) that in the reaction with GTF-S. the efficiencies of G6 (14%) and G7 (20.7%) are 
higher than the efficiencies of G4 (11.2%) and G5 (8%). The method of analysis of the 
radioactivity on the t.1.c. by the autoscanner is reliable to + 0.5%. The important point 
in these differences is that both GTF-I and GTF-S have a minimum efficiency when 
reacting with G5, and then both go up in efficiency in reacting with G6 and G7. The 
reaction of GTF-I with G7 goes up to 26.4% from a low of 23.8% for the reaction with 
G5, and the reaction of GTF-S with G7 goes up to 20.7% from a low of 8.0% for the 
reaction with G5. While the former is not as dramatic as the latter, the same trend is 
present, and the former has an overall higher percent efficiency for reaction with G7 
than the latter. This is in contrast with the efficiencies of the maltodextrin acceptor 
reactions of B-512FM where they steadily drop as the size of the maltodextrin chain 
increases, with G7 having an efficiency of only 9.4% and G8 only 6.2% (ref. 11). 

DISCUSSION 

We have studied the maltodextrin (G2-G7) acceptor reactions of S. mutans 6715 
glucosyltransferases, GTF-I and GTF-S. The structures of the maltodextrin acceptor 
products for GTF-I and GTF-S were very similar to those produced by B-512FM. 
Reaction with maltose, both enzymes gave panose as the first acceptor product, which 
went on to serve as an acceptor to eventually give a homologous series of 6’-a- 
isomaltodextrinosyl maltose. It was also found that panose served as an acceptor for 
GTF-I and GTF-S to give two tetrasaccharides, 6’-sr-isomaltosyl maltose and 6’-cx- 
nigerosyl maltose. The latter product was relatively minor but was not formed by 
B-512FM. This might be expected as both GTF-I and GTF-S synthesize glucans with 
significantly higher percentage of a( 143) linkages than does B-512FM. 
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With G3, GTF-I gave different products than did GTF-S and B-5 12FM. The first 
products formed by GTF-I were four tetrasaccharides. Two of the tetrasaccharides 
have a D-glucose residue attached by an r( l-4) linkage to the reducing-end residue of 
G3 and to the nonreducing-end residue of G3, and the other two have a o-glucose 
residue attached by an r( I-3) linkage to the reducing-end residue and to the non- 
reducing-end residue of G3. GTF-S and B-512FM also gave the first two tetrasaccha- 
ride products but not the last two. All three of these enzymes elongated one of the 
tetrasaccharides (63-r-o-glucopyranosyl maltotriose) with the D-glucose attached by an 
a( l-4) linkage to the nonreducing-end residue, to give a series of homologous products 
with isomaltodextrin chains of varying lengths attached by an x(1+6) linkage to the 
nonreducing-end residue of G3. This is somewhat surprising for GTF-I in that the 
primary linkage in its synthesis of glucan is the x( 1’3) linkage, yet when GTF-I reacts 
with the maltodextrin acceptors that have one x(1 -6) linkage at the nonreducing-end, 
it gives the transfer of the D-glucose to C-6 of that nom-educing-end residue, forming an 
a(1 -6) linkage. This is further evidence that the elongation mechanism4 of glucan 
synthesis is distinct from the glucosyl transfer reactions observed in the formation of 
acceptor products. 

Reaction of G4-G7 with GTF-I and GTF-S gave the same product patterns that 
B-S12FM gave. Two primary products were formed from each acceptor by the addition 
of o-glucose to C-6 of the reducing-end residue and to C-6 of the nonreducing-end 
residue of the acceptor. The latter product then served as an acceptor to give a 
homologous series of products, and the former product was not an acceptor or was a 
very poor acceptor. This difference in the ability of the initial acceptor products, Pla 
and Plb, to further serve as acceptors probably results from differences in their 
conformational and configurational structure, PI b being able to productively bind at 
the acceptor site and Pla not being able to productively bind. 

There are several quantitative differences in the maltodextrin acceptor reactions 
of GTF-I, GTF-S, and B-512FM. GTF-I and GTF-S produced larger amounts of 
homologous series of products than did B-512FM. For B412FM, the amount of 
homologous products decreased exponentially as the d.p. of the products increased, and 
acceptor products with d.p. >8 were not observed”. The maltose and maltotriose 
acceptor reactions of GTF-I were more efficient than GTF-S, which in turn was 
significantly more efficient than B-512FM. In addition, the efficiencies of the acceptor 
reactions for both GTF-I and GTF-S increased significantly after reaching a minimum 
with G5. Both GTE-I and GTF-S catalyzed the formation of greater amounts of 
leucrose than did B-512FM. The most efficient enzyme for the catalysis of all of the 
maltodextrin acceptor reactions was GTF-I. 

Maltodextrins, especially G2 and G3, are produced in the oral cavity by the action 
of salivary a-amylase on food starch. These maltodextrins can then interact with food 
sucrose and GTF-I and GTF-S, produced by Streptococcus in the oral cavity, to form 
the products determined in this study. These products in turn can contribute to dental 
plaque formation. Thus, qualitative and quantitative knowledge of these reactions are 
important in the understanding of the mechanism of these enzymes and in the under- 
standing of the formation and possible prevention of dental plaque. 
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